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ABSTRACT 


The equilibrium water content of hydrocarbon systems has been 
investigated by previous workers using gravimetric technique of water 
determination and, based on these results generalized correlations 
are now available for the saturated water content of hydrocarbon vapours, 
No sufficient experimental data are available on the water solubility in 
multi-component hydrocarbon liquids and on the effect of hydrogen 
Sulphide and carbon dioxide on the equilibrium water content of hydro- 
carbons. This may be contributed to the fact that the quantitative 
analysis of water in these systems is more complicated than in volatile 
hydrocarbon gases, It was the purpose of this investigation to develop 
a technique for trace water analysis in high pressure hydrocarbon 
Systems in the presence of hydrogen sulphide and to study the effect of 
hydrogen sulphide on the equilibrium water content of hydrocarbon 


systems. 


Gas-liquid chromatography has been used in this work for the 
determination of the equilibrium water content of methane and methane- 
hydrogen sulphide mixtures, A suitable chromatographic column has 


been developed and water tailing on the column was eliminated by intro- 
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ducing 0.23 mole percent water into the helium carrier gas continuously. 
The equilibrium water content of methane determined in this work at 
160 °F and at pressure up to 1500 pounds per square inch absolute 


agreed very closely with published data. 


Using this technique, the presence of hydrogen sulphide 
did not interfere with the quantitative analysis of water. The 
equilibrium water content of methane-hydrogen sulphide vapour 
mixtures was determined at 160 °F and at pressures up to 1400 pounds 
per square inch absolute, The hydrogen sulphide content of the 
mixtures varied from 16 to 29 percent. Experimental results indicate 
that the presence of hydrogen sulphide only slightly increases the 


equilibrium water content of the system at these pressures. 
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IN TRODUC TION 


Phase behavior studies of hydrocarbon-water systems were 
initiated by Scheffer (26) in 1913 on hexane-water and pentane-water 
systems. However industrial interest in the equilibrium water content of natural 
gases was not developed until two decades later in connection with the 
dehydration of natural gases to prevent the formation of natural gas 
hydrates, It was soon observed by Hammerschmidt and others (7) that 
the water vapour content of natural gases does not follow the laws of 


ideal solutions and hence solubility data need to be determined experimentally. 


Among the earliest workers in this field were Laulhere and Briscoe 
(18) in 1939 and Deaton and Frost (4) in 1941 who determined the concen- 
tration of water in natural gases up to 110 °F and 600 pounds per square 
inch pressure. A few years later in 1944, Russel, Thompson, Vance 
and Huntington (24) supplemented the earlier data by determining the 
water vapour content of a natural gas up to 2000 pounds per square inch. 
In the same year, Dodson and Standing (5) studied the effect of the 
salinity of brine on the water vapour content of natural gases up to 250°F 
and 5000 pounds per square inch pressure. Simultaneously Sage, Lacey 
and co-workers have determined the saturated water content of methane 
(21) and ethane (22) from 100 °F to 400 °F up to 10, 000 pounds per square 
inch pressure. Reamer et al (23) initiated an extensive study of the 


n-butane - water system. 
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In 1948, McKetta and Katz (20) studied the methane - n-butane - 
water system in the two and three phase regions and investigated the 
effect of n-butane on the water content of the hydrocarbon-rich 
liquid and vapour phases. Black, Joris and Taylor (1) studied the 
effect of molecular structure on the water content of a wide range of 
refinery products at low pressures. Later on in 1955, the 1-butene - 
water system was Studied for the same purpose by Brooks, Haughn 


and McKetta (2) and also by Leland, McKetta and Kobe (19). 


Several attempts were made to derive a generalized correla- 
tion from the available experimental data. The most recent correlation 
was published by Katz et al (13) in 1959 for hydrocarbon gases, Attempts 
to derive any correlation for the water content of high pressure hydro- 


carbon liquids have not been successful to date, 


Very often hydrogen sulphide and carbon dioxide are associated 
with hydrocarbons in natural gases. Extensive field experience indicates 
that when these components are present in the gas, the prediction of its 
volumetric behavior and solubility relationships becomes more difficult, 
The extreme non-ideal behavior of hydrogen sulphide and carbon dioxide 
makes it necessary to study their behavior experimentally. In 1941 
Wiebe and Gaddy (29) determined the equilibrium water content of 
carbon dioxide at various pressures and temperatures. In 1952, 


Selleck, Carmichael and Sage (25) studied the phase behavior of the 
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hydrogen sulphide-water system and determined the solubility 
of water in hydrogen sulphide, No data have been found in the 
literature on water solubilities in hydrocarbons containing either 


of these sour gases, 


It was the objective of this work to initiate a study for 
evaluating the effect of hydrogen sulphide and carbon dioxide on 
the equilibrium water content of natural gases and liquids. To do 
this a new technique was developed for the quantitative determination 
of water in hydrocarbon gases and liquids in the presence of hydrogen 


sulphide. 
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THERMODYNAMIC SOLUBILITY EQUATIONS 


A simple relation expressing the equilibrium water content of 
pure components can be derived by assuming ideal behavior of co- 
existing phases and applying the appropriate thermodynamic 


relationships, For example, from Dalton's law of partial pressures 


Pw = YyPr (1) 
the partial pressure of water in the vapour phase (p,,) is directly pro- 
portional to the mole fraction of the water (yy) in the vapour phase. 


Similarly from Raoult's law 


gS (2) 
the tendency of water to escape fromthe liquid phase is proportional 
to the pressure it exerts in the vapour phase. Thatis, the mole 
fraction of water in the liquid phase (x,,) is determined by the ratio 
of the partial pressure of water (By! above the solution, to the vapour 


pressure of the pure water ye ) at the given temperature, In case 


of vapour-liquid equilibrium Equations 1 and 2 can be combined to give: 


(3) 


In other words the ratio of water content in the vapour phase to the 
water content in the liquid phase in equilibrium can be expressed by two 


easily measurable properties, the vapour pressure of pure water and the 
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total pressure of the system. When applying Equation 3 to hydrocarbon- 
water systems in the two-phase region, where hydrocarbon-rich 
vapour and water-rich liquid are in equilibrium, the fraction of hydro- 
carbons in the water-rich liquid phase is negligible and Equation 3 can 


be reduced to 


(4) 
or 


log Yyw = logpy°® - log P (5) 


sh 

A logarithmic plot of y,, versus Pp should give a straight line witha 
slope of minus one passing through Yy = latPp = Pa . According 
to the basic assumptions, Equation 4 can only be used when the 
hydrocarbon-water system behaves ideally in both the vapour and liquid 
phases, At low pressures where all gases tend to approach ideal 
behavior, the above relationship will describe the water content of 


hydrocarbon gases with good accuracy. At elevated pressures however, 


Equation 4 would lead to serious errors. 


For cases when the vapour cannot be regarded as ideal gas, 
the fugacity has been widely used to replace the pressure in the above 
equations. The fugacity, by definition, is the measure of the escaping 
tendency of a non-perfect gas from a perfect solution, In Equation 2 
for the case of an ideal gas and a perfect solution the vapour pressure 


was used as a measure of the escaping tendency. In other words, when 
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a vapour and a liquid are in equilibrium the fugacity can be regarded 


as a corrected vapour pressure of a non-ideal gas. 


In terms of the fugacity, Dalton's and Raoult's law can be 


rewritten for a non-ideal gas and a perfect solution as follows: 


2. 2 yw ay (6) 


t = Oo 

Xf WL (7) 
At thermodynamic equilibrium the fugacities of each of the 

components of the system in each of the phases are equal and 


Equations 6 and 7 may be combined to give 


ha aes (8) 


As in the development of Equation 4 for the two phase region, 


Xy can be considered to be unity and Equation 8 will reduce to: 


i 
ew 


In order to use Equation 9 to calculate the saturated water 
content of the hydrocarbon-rich vapour phase, the fugacity of the pure 
water has to be evaluated in both the vapour and liquid state at the 
temperature and pressure in question, At any given pressure and 


temperature, however, outside the two-phase region for pure water, 
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water will exist in one phase only. Thatis, when the fugacities are to 
be evaluated at a pressure and temperature which falls outside of the 

two -phase region for pure water, one of the phases will be hypothetical. 
The fugacity of the hypothetical phase is usually obtained by extrapolating 
into the two phase regions, Where extended extrapolation is required 


this procedure can lead to considerable errors, 


Equations 4 and 9 were uSed to calculate the equilibrium 


water content of methane at 340° F. Fugacities f° for the pure 


wL 
water were calculated from the thermodynamic properties of 

compressed liquids as given by Keenan and Keyes(14). Fugacities 

f° ~v for the water vapour were obtained from fugacity chart presented 

by Hougen et al (11) by extrapolating into the two phase region. The 
calculations are compared on Figure 1 with the experimentally determined 
data for methane by Olds, Sage and Lacey (21). At low pressures both 
equations converge to the actual water content. At higher pressures, 
however, Equation 4 yields too low and Equation 9 too high values 


of water solubilities. The deviation of both equations to predict the 


water content of natural gases, could result in serious errors, 


Since the appropriate thermodynamic relationships did not prove 
to be adequate to predict the equilibrium water content of natural gases, 


it became essential to study the hydrocarbon-water systems experimentally. 
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FIGURE 1, WATER CONTENT OF METHANE AT 340 °F 
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AVAILABLE EXPERIMENTAL DATA 


The experimental information obtained during the past two 
decades on phase-equilibria in hydrocarbon systems has provided 
useful data on the mutual solubilities of hydrocarbons and water. 
Using these data, Katz et al (13) derived a generalized correlation 
which can be used with reasonable accuracy, to predict the water 
vapour content of natural gases in a wide range of temperatures and 
pressures, Although some experimental data were also obtained 
on hydrogen sulphide-water and carbon dioxide-water systems, no 
Suitable correction is available for the presence of these components 
in natural gases. Furthermore, no conclusive correlation has been 
derived to date for the water content of high pressure hydrocarbon 


liquids from the available experimental data. 


A summary of the available experimental data and the 
effects of different parameters on the water content of hydrocarbons 


are given in the following paragraphs. 


Pure Components 


Experimentally determined water solubility data are 
available in the literature for methane (21), ethane (22), propane (17), 
n-butane (23), 1-butene (19), hydrogen sulphide (25), and carbon dioxide 


(29), These studies report the effect of different parameters such as 


i i" ; 
ri e ‘ PD rok . + 
ATAG SATHUMIASSSS Stet Ath 
P| 
ows teaq er? gaiteh benietdo nobiemrsotat letnoonirorixe T 
bshivord asd geereteye codrsvowh wl) ni sivdilivps - onedg f 
o1sisw bas enodasvotbye to aslipipaviog lanjum onl #0 
jolfelorros besilausisy.c bovineb (60) [Io tp stad ated 9 
s9tnw an! joibeta oF} .voaesuoosn sigs moa hO'T fiiw beew od 
bae epiclorsame! lo agnat ebiw 6a) askrg ‘erwier to isting: 
- 2 - . ™ * pe « 
bsiinide ofls atew ofob (eidemitoges Saoe dig svt & 
on ,amioave tetew-sbiroth aoiss bee teiew-sDIdGiee fee 
aingnoqrtes saat 16 s9tseoTG ON! THD Slieiisve Si aoos't ts 
weer 
nesd ead nobasle x10o Svinuionov on .stormnwrathat sem 
’ 7 ce s = 
ngdisvetbvA s4Jeaesq Maid lo tnelooa Teden ons Tot stab of be 
= 
_ oi 
| Steb lainerrireqys oidetiavé on. ac oe b, 
7, i? > oa v 
cd bine ei nb latino mitedes ofdsliseva sad To “a Pee © 


enigd Ao iby 16 Jinsjcon taiaw eT no teal, ho 6 


-tliqecyguey “niweollor vee vf ball 
vy: 


ee 
7 


ainancaa0D sso <a 


te seb viitititos téfew bonds tetas xt 


7 Mt nie 
AVL ostequty (26). otmits ete) onedioe iid — 
ns CR, | 


a 
vanilla ) saandt 


ebixw te hestidlnad Bret es) stain 2 


ea dove erevemiay? 9 40 | 
A 7 


a 
_— 


10 


pressure, temperature, and molecular structure on the water 


solubility. 


Effect of Pressure and Temperature 


The pressure and temperature effects on the solubility of 
water can be predicted from thermodynamic considerations. 
Leland et al (19), among other authors, derived the variation of 
solubility with temperature and pressure for dilute solutions, 

In the derivation they assumed that the fugacity of the solute ina 


dilute solution can be described by the following relationship: 


where ai is the fugacity of a hypothetical pure substance, in this 
case water, which has all the properties of that component in an 
infinitely dilute solution at the pressure and temperature of the 


system. Combining Equation 10 with the relationships derived for 


the variation of fugacity with pressure and temperature the effect of 


pressure on solubility of water in the hydrocarbon-rich liquid phase 


can be shown as: 


(10) 


(11) 
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and the effect of temperature: 


(H)y, - (Hg) 
In (x) = abel ak | 
Ww 
L i 7 + K (12) 
Or Equation 12 can be closely approximated by: 
- 1 
In Gly = a (=) + b (13) 


where a and b are empirical constants, 


Although Equations 11 and 12 were derived for ideal 
solutions, they will approximate the behaviour of moderately non- 
ideal solutions. In hydrocarbon water systems, where the non- 
ideal water molecules are ata very low concentration in the 
hydrocarbon-rich phases, the above relationships hold with 
reasonable accuracy and were found to beuseful for extrapolating 
or interpolating constant pressure and temperature data over a 
limited range. It was found by theabove authors that when 
applying these equations to water in the hydrocarbon-rich phase 
and plotting In (= ) versus pressure it will give a straight line 
except in the vicinity of a phase change. Similarly Equation 12 
gives a straight line when In x is plotted versus (= ). According 
to the laws of dilute solutions the same type of equations can be 

derived for either phase of any binary system when the solubility 


in each phase is very small. Hence, Equation 11 and 12 should 


be equally applicable in the gas phase also. 
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Experimentally determined water content of methane (21), 
at different pressures and temperatures, are presented on Figure 2, 
As it is shown on Figure 2, the solubility of water in the gaseous 
methane increases rapidly with increase in temperature and decrease 
in pressure, The temperature has a more pronounced effect on the 
water Solubility. For example, if the temperature of the gas is 
increased isobarically from 100 °F to 220° F at 2000 pounds per 
Square inch the increase in water content would be 15 fold. On the 
other hand, if the pressure were decreased isothermally at 100 °F 
from 4000 pounds per square inch to 400 pounds per squard inch the 


saturated water content would increase 5 fold. 


The effect of pressure and temperature on the saturated 
water content of liquid hydrocarbons is similar to that in the gas 
phase, Figure 3 shows the equilibrium water content of 1-butene- 
rich liquid at several temperatures. ‘The water solubility increases 
with increasing temperature and with decreasing pressure. At 
100 °F, the pressure has a very small effect on the solubility 
but the effect is more pronounced at higher temperatures, 
Temperature effects on the solubility of water are smaller in 
hydrocarbon liquids. For example, if the temperature of the system 
is increased at 2000 pounds per square inch from 100 °F to 220°F 
the water content of the liquid would be increased 8 fold, as compared 


to 15 in case of the gas phase, 
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The Effect of Molecular Structure 


Black, Joris and Taylor (1) studied the solubility of 
water in Single component hydrocarbon liquids in the temperature 
range of 5-30 °C and at pressures from 1 to 6 atmospheres. Their 
results indicate that there is a progressive increase in the water 
solubility in passing from n-butane to n-octane, They found 
very small variation in water solubility with isomerism. Further, 
they observed that water solubility increased rapidly passing from 
paraffin to olefin hydrocarbons, The authors concluded that there 
is no simple relationship to predict the increase in solubility of 


an olefin'as compared to its corresponding paraffin. 


Figures 4 and 5 are experimentally determined water 
solubilities in hydrocarbons, carbon dioxide and hydrogen sulphide 
at 100° F and 220°F respectively. Pressures are plotted versus 
water concentrations (xw) on log-log paper according to Equation 5, 
to indicate the deviation of the systems from ideal, The dotted 
line represents the concentration of water vapour calculated from 
Equation 4 using the vapour pressure of pure water, At 100°F and 
at pressure above 200 pounds per square inch absolute the propane, 
n-butene are liquids and show very little variation in water 
solubility with pressure. The methane and ethane are in the 


single region at all pressures. Hydrogen sulphide is liquid at 
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FIGURE 5. SOLUBILITY OF WATER IN PURE COMPONENTS AT 220 °F 
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this temperature at pressures above 390 pounds per square inch 
absolute but vapourizes at lower pressures, and carbon diaxide 

is in the single phase region at all pressures. None of the 
components resemble ideal gases as described by Equation 5. 
Methane and ethane approach ideal gas behavior at low pressures. 
The hydrogen sulphide liquid phase shows the most non-ideal 
behavior. It should be noted that unlike to hydrocarbon gases 

the equilibrium water content of the liquid hydrogen sulphide 
increases with increasing pressure. The break in the hydrogen 
sulphide solubility curve is due to the existence of both gas and 
liquid phases at 100° F and 390 pounds per square inch absolute. 
The carbon dioxide gas behaves similarly to liquid hydrogen sulphide 


at pressures above 900 pounds per square inch absolute. 


As indicated in Figure 5 the water content of both propane 
and hydrogen sulphide is significantly different at 220° F than it 
was at 100° F. Propane at this temperature is in the single 
phase region and behaves more like methane and ethane. The 
marked curvature is probably caused by the fact that the system 
temperature is just slightly above the critical temperature of 
propane. Hydrogen sulphide is also in the single phase region at 
this temperature and the deviation of its saturated water content 
from ideal is not as pronounced as at 100° F. At low pressures, 
methane, ethane, propane and hydrogen sulphide curves converge 


with a uniform slope of close to one. 
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The data on Figures 4 and 5 do not show a consistent 
increase in water content with molecular weight as was found 
by Black, Joris and Taylor, This is probably due to the difference 
in pressure and temperature range of the systems investigated. 
There is, however a remarkable change in water solubility due 
to the double bond at both temperatures and at all pressures. 
The water content of 1-butene, for example, at 100 °F and at 
1000 pounds per square inch absolute is 3.5 times larger than 
the water content of n-butane at the same conditions. The 
equilibrium water content of hydrogen sulphide at high pressures 
is much higher than that of the hydrocarbons, At 100 °F and 
1000 pounds per square inch absolute the hydrogen-sulphide 
contains 40 times more water than n-butane, At increasing 
temperatures this effect is not that pronounced, that is the effect 
of the molecular structure on water solubility seems to decrease 


with temperature, 


Two-component Hydrocarbon Systems 


Experimental water solubility data in two-component 
hydrocarbon systems is very limited. McKetta and Katz (20) 
Studied the phase behavior of methane-n-butane-water system, 
in the two and three phase regions. Figure 6 is a plot from their 


experimental data. They found that ata given pressure and ; 
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FIGURE 6. SOLUBILITY OF WATER IN METHANE-n-BUTANE 
SYSTEM AT 160 °F [20] 
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temperature, where both the hydrocarbon-rich liquid and vapour 
exist in equilibrium, the water content of the hydrocarbon-rich 
vapour phase is always higher than the water content of the 
hydrocarbon-rich liquid, It should be noted that the water content 
of the hydrocarbon-rich liquid phase, unlike to the single component 
hydrocarbon liquids, increases with increasing pressure. This 

is most likely due to the increasing methane content of the liquid 
phase at elevated pressures. The water content of the vapour 

and hydrocarbon-rich liquid phases becomes identical at the three 
phase critical, ‘This is to be expected since at the critical pressure 
and temperature the vapour phase and the hydrocarbon-rich liquid 
phase become identical. At pressures above the three phase critical 


the system behaves essentially the same as pure methane, 


McKeita and Katz determined the equilibrium constants 
(KH50) for the water in the three phase region. They found that, 
although n-butane has a higher vapour pressure than water ata 
given temperature, the water is more volatile of the two components 
in the above system. According to the phase rule in a ternary 
system with three phases co-existing in equilibrium there are two 
degrees of freedom. Therefore at a certain pressure and temperature 
the composition of the three phases are fixed and hence the 
equilibrium constants are fixed, Thatis, in the three phase region 


of a three component system the equilibrium constants are 
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independent of the overall composition, The experimental results 
agreed with this theory, At pressures below the three phase critical 
the equilibrium constants were independent of the compoSition of the 
overall phases as long as three phases were present. In the two-phase 
region, however, the degree of variance is three for a three component 
system, and one more variable er be specified to define the system. 
The authors found that in the two-phase region the equilibrium constants 
were dependent on the overall composition of the hydrocarbon fluid 
phase, This is again an indication of the non-ideality of the system, 
for in an ideal system in the two-phase region the equilibrium constants 


are independent of the composition. 


Water Solubility in Multicomponent Hydrocarbon Systems 


Laulhere and Briscoe (18) investigated the water vapour content 
of natural gases at 60, 80, 95 and 110° F up to 500 pounds per square inch, 
This work was extended by Deaton and Frost (4) to 600 pounds per square 
inch.pressure. Russell, Thompson, Vance and Huntington (24) 
contributed to the above work with data up to 2000 pounds per square 
inch pressure at 50, 70 and 100° F, Dodson and Standing (5) determined 
the equilibrium water content of a natural gas at pressures from 500 
to 5000 pounds per square inch absolute soi at temperatures from 100 


to 250°F, The gas was a typical pipeline gas, from which the heavy 
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hydrocarbons had been partly removed, with the following compo- 


sition: 

Component Mole Fraction 
Methane 0.8851 
Ethane 0.0602 
Propane 0.0318 
i- Butane 0.0046 
n-Pentane 0.0085 
i-Pentanes 0.0098 

1, 0000 


The water solubility in this gas agrees very closely with 
the results of the previous workers and with the water solubility in 
methane, determined by Olds, Sage and Lacey (21). The equilibrium 
water solubility at 100 °F in this gas is shown on Figure 7 with 
solubility data for methane, ethane, methane - n-butane, carbon 
dioxide and hydrogen sulphide. The agreement with Sage and Lacey's 


line is to be expected, for it contains 88 percent methane, 


Generalized Correlations 


Several authors (1, 8, 13, 17, 19, 21, 22) have attempted to 


describe the equilibrium water content of hydrocarbon systems by either 
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thermodynamic or empirical equations. The success of these 

efforts has been very limited and no relationship is available that 
can be used for naturally occurring systems at the pressures and 
temperatures of interest. However, graphical representation of 


the water solubility data suggests a reasonably accurate correlation 


for the gas phase, 


Water solubility curves similar to Figure 7 are available 
in the afore mentioned literature at temperature 160, 220, 280 and 
340 °F, Figure 7 shows that although the water solubility curves for 
the hydrocarbon gases studied deviate from ideal behavior, they can 
be represented at pressures below 2, 000 pounds per square inch 
by one average curve without introducing serious error. At higher 
pressures, ethane seems to deviate from the rest of the data. It 
is interesting to note that the curve for the methane - n-butane system 
follows very closely the methane line at all pressures at this tempera- 
ture, in spite of the high n-butane content of the hydrocarbon-rich 
vapour phase of 12 to 29 percent at 100°F, Thatis, the presence 
of n-butane in the gas phase did not influence the water solubility. 
At higher temperatures however n-butane lowers the water solubility 
in the vapour phaseas it is indicated in the data determined by 
McKetta and Katz (20). This is probably due to the increased n-butane 


content of the vapour phase at these temperatures, Since most 
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natural gases consist mainly of methane, one may be justified 
in using only one curve for all gases, ata given temperature, to 


represent the saturated water solubility. 


Using the above experimental data Katz et al (13) 
derived a generalized correlation for the water content of natural 
gases up to 10, 000 pounds per square inch absolute at temperatures 
from -60 to 300°F, The curve on Figure 7 is taken from this 
correlation, This curve, at 100°F, seems to be a good average 
except at high pressures above 2000 pounds per square inch absolute 


where it is lower than the others. 


Only limited data regarding the solubility of water in liquid 
hydrocarbons have been presented in the literature. Some of the 
available experimental data are presented on Figure 8 where it can 
be seen that the solubility of water in liquid hydrocarbons is more 
irregular than in gases. McKetta and Katz attempted to correlate 
the water solubility in liquid hydrocarbons based on molecular 
weight. They concluded that no simple correlation employing 
molecular weight exists on the solubility of water in hydrocarbon- 


rich liquids, 


The solubility of water in liquid hydrocarbons was determined 


by using single components. The only multi-component hydrocarbon 
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System investigated was the methane - n-butane System. This 
system has higher equilibrium water content than pure n-butane. 
Thus this system indicates that the presence of more volatile 
hydrocarbons in the hydrocarbon-rich liquid phase increases the 
equilibrium water content of the liquid. This is of particular interest 


for gas condensate fluids, 


Water solubility data in methane - n-butane systems 
indicate that no simple relationship exists between the water 
Solubility in the multi-component hydrocarbon liquid and the solubility 
in the individual pure components, Thatis, the water solubility 
in high pressure condensates is not directly related to the mole fractions 
of the individual components. Only if enough data were available would 
it be possible to derive some type of an empirical mixing rule to 


predict the water solubility in multi-component hydrocarbon liquids, 


Effect of Hydrogen Sulphide and Carbon Dioxide 


The solubility of water in hydrogen sulphide (25) and in carbon 
dioxide (29) differs considerably from the solubility of waterin hydro- 
carbon systems as it is shown in Figures 4, 5, 7and 8, This can 
probably be explainedby the different molecular structures of these 


substances. Hydrogen sulphide for example possesses higher polarity 
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than hydrocarbons due to the asymmetric arrangement of its 
atoms. Water being a strongly polar material itself will have 
better solubility in materials with higher polarity. Carbon dioxide 
on the other hand forms symmetric molecules and has zero 

dipole moment. Hence, it is expected that water would be less 
soluble in carbon dioxide than in hydrogen sulphide. The negative 
deviation of water solubility in carbon dioxide at low pressures 

is most likely due to water and carbon dioxide forming carbonic 
acid in the water-rich liquid phase which lowers the vapour pressure 
of water, At higher pressures where the distances between the 
individual molecules are reduced the remarkable increase in water 
solubility in both the hydrogen sulphide and carbon dioxide could 

be due to hydrogen bonding. The increasing water solubility in 
these substances with increasing pressure and the higher water 
content of hydrogen sulphide liquid at 100° F as compared to the 


Single phase curve at 220°F, substantiate this supposition, 


Water solubility data in pure hydrogen sulphide and carbon 
dioxide suggest that their presence in hydrocarbon systems would 
increase the equilibrium water content of these systems especially 
at higher pressures and particularly in the hydrocarbon-rich liquid 
phase. No experimental work has been reported to date to evaluate 
the actual solubility relations in hydrocarbon-hydrogen sulphide-water 


systems, 
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DEVELOPMENT OF ANALYTICAL TECHNIQUE 


Review of Analytical Methods 


Water is a highly polar substance and adsorbs readily on 
most solid surfaces, Since air always contains some water vapour, 
the surface area of all materials, when in free air, will be 
covered with a thin film of water or in other words, the solid 
surfaces will have a certain water concentration. The amount of 
water adsorbed on the different surfaces, that is the thickness of the 
water film, depends on the affinity of the particular solid for the water. 
If a change in the water concentration is made in the surroundings 
or if the relative humidity of the surroundings is changed, it will 
result in a corresponding change in the thickness of the water film 
on the solid surfaces. The same applies when a sample to be 
analysed is passing through steel tubing to an analytical apparatus. 
The concentration level of the tube wall will change, and 
accordingly the sample is going to either gain or loose water de- 
pending on the water concentration on the wall and the water content 
of the sample. Several hours of purging may be necessary before 
equilibrium is reached between the sample and the tube wall. To 
minimize the possible errors resulting from this high affinity of water for 


solid surfaces it is highly desirable to have the sample lead lines as short 
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as possible, to keep air out of the analytical train and to maintain 


a constant sample flow rate with a uniform relative saturation, 


The quantitative analysis of trace water is even more 
complicated when there is hydrogen sulphide present in the sample. 
There are two major problems that have to be solved, in addition 
to the numerous problems of trace water analysis, in order to 
study hydrocarbon~hydrogen sulphide-water systems. Firstly, 
hydrogen sulphide interferes in many of the chemical reactions, 
that are specific for water. Secondly, hydrogen sulphide reacts 
with mercury in the presence of water to form mercury sulphide 


thus rendering mercury unsuitable for use as the confining fluid. 


In this work a study was undertaken to find an analytical 
technique for water analysis in hydrocarbon-hydrogen sulphide- 
water systems. A literature survey was conducted and several 
methods of water analysis have been investigated. A short resume 


of the results of this investigation is given in the following. 


Solid Chemical Absorption 


Solid chemical absorbents have been used to obtain most of 
the experimental data now available on the water content of natural 


gases and liquids. Common absorbents are anhydrous magnesium 


S Orr; - 
ie’ Coe 


b 
a 


acetntond of bia hee iesit elas ra sit te two “it qeast ¢ 


a 
Chae ee 
et nett 2 iw aist wort ae Md 


bey 
| 


if VS i telew soat! 16 Binvinise vielnavp oft 7 


4 


, 7 at 
% e Sf mi 7it 23st Since nageaty ur ales aod auedw bate atign 


; ' 
ned toon 7 sviles sd 6) sven. tech emoltom Joan owt 9 ‘a 
+" all 


_ 


, » Pes ares 
tO. 4 aw O969). TO aninido ty RL Te nt 1 oly 
Qeaut seme: visw-shitgive cowouly d-Hnieosbyy 


> 
pr ) ’ he ™ "4 ¥ 2 Fe | P i ‘ j } 42-5 Lat a bie t sbiriqiva iF 20. : 
a 
eioss ‘sonbvo \vlbnoose .7e)avr del Seah eae 


sorinive vin str myo] af slaw Tos er Td ans iui vw rent # * 
io stat neee 


i 
o OLTt yin / oli @0 960 tol WidWinen® ¢ebotem Babishne 


Jao ddyiane rs bait ot povsinehio Sew yout 4 S60 alll dl 

- 

-~ 91) it = FG + ‘ ‘5 P be wh rinyv! MTL Saw aa 
roves Drie boetoubios Bew % av3u08 otrmctetti é 
Sive982 Itoth A iviouiteavins (ood ove ata risce ist9aw © eb 
‘Gee 


Bri SGT Sr of feviky ei rel ay cecvni ais? to | rt Le shi 
; _—- 


lo J2omiftaido cf ose: cobd ooed- ati treda tes 

letiden ty tietnow thaw age io ode lave. 90 he 
said ah | aA 

MNGPi em B00 thbytine 9 Ts esnadondten Dit h gt 


ora a. - 
co = 


' (ie 


7 - : 


32 


per-chlorate or Dehydrate, calcium sulphate or Drierite and 
calcium chloride, The ability of these chemicals to absorb 
easily the free water from gases and liquids permits gravimetric 


determination of the water content of the different substances. 


Since solid chemical absorption is a gravimetric method, 
it is best suited for low pressure, high temperature gases which 
contain substantial amounts of water. The method is limited 
to materials that are gases at atmospheric pressure and room 
temperature. The presence of higher molecular-weight hydrocarbons 
or liquid desiccants such as glycols, even in small amounts, 
would make the method unsuitable. These heavier components 
absorb on the desiccant and the results may be misleading. 

Further to insure reasonable accuracy it is desirable to have a 
large sample. This is especially true for the high pressure and low 
temperature samples. This is however not always convenient to do 


in research work, 


Karl Fischer Method 


Karl Fischer reagent (27) is a methanol solution of iodine, 
pyridine and sulphur dioxide. The reagent was named after Karl 
Fischer who originally proposed it for trace water analysis in 


1935. When this method is used for the analysis of water in high 
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pressure hydrocarbon gases (30) the gas is first bubbled through 
glycol and then the water content of the glycol is determined by 


titration, 


Two substances were found to interfere with the Karl 
Fischer titration when applied to hydrocarbon systems. These 
are hydrogen sulphide and mercaptans, All the other components, 
including hydrocarbons and carbon dioxide are inert to the Karl 
Fischer reagent. The hydrogen sulphide and mercaptans can be 
neutralized by titrating the glycol sample with iodine in methanol 
to the iodine end point. The sample is then titrated with the Karl 
Fischer reagent to the end point. The water absorbed by the glycol 
can be calculated by subtracting from the total water content, the 
water added with the iodine and the water originally present in the 
glycol, Another method is to determine the amount of hydrogen 
Sulphide in the glycol by titrating a glycol sample with iodine. 
After calibrating the Karl Fischer reagent and the iodine solution 
for the hydrogen sulphide, the Karl Fischer equivalent of the iodine 
solution can be calculated. Then, titrating the glycol sample with 
Karl Fischer reagent one can calculate how much reagent was used in 


the titration for the hydrogen sulphide and for water. 


The correction for the presence of hydrogen sulphide is the 


main source of error and the main disadvantage of the method. Some 
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other drawbacks of the method are that the glycol is in contact with 
air several times during the course of the analysis and may absorb 
considerable amount of water from the air, Generally a large 
hydrocarbon sample is required. Furthermore the analysis is 
time consuming. Depending on the size and pressure of sample, a 


complete analysis may take from4 to 8 hours, 


Infrared Spectroscopy 


The quantitative determination of water in gaseous propane 
by infrared spectroscopy was investigated by Gallaway (6). His 
work was confined to propane-water systems at atmospheric 
pressure and at various temperatures. Infrared spectroscopy has some 
good features for trace water analysis, but the equipment is 


elaborate and expensive. 


Capacitance 


The difference in the dielectric constants of hydrocarbons, 
hydrogen sulphide and water in the liquid phases would make it feasible 
to relate the water content of the hydrocarbon-rich liquid phase to its 
dielectric constant. The capacitance measurement could be carried 
out in situ without transferring the sample from the high pressure cell, 


which would make the method very attractive. Further investigation 
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into the matter indicated that the capacitance measurement would 
be influenced by a concentration gradient of the water towards the 
electrode surfaces. This concentration gradient could make 


calibration very difficult. 


Gas-Liquid Chromatography 


Chromatography has been widely used for the analysis of 
trace compounds. In the direct determination of traces of water 
however, the chromatographic technique is complicated by broad 


asymetric water peaks which make the method inaccurate, 


In 1958 Knight (16) proposed that if water were added to the 
carrier gas stream the tailing of water peaks could be reduced, 
This method was not extended further by this author for trace 
water analyses. Instead, in 1962 Knight and Weiss (15) followed 
a method proposed by Kyrycos and Boord (15) to convert the water 
into acetylene and snainee for the acetylene by chromatography. 

It has also been reported that water can be converted into hydrogen 
and the amount of water in the sample calculated from the hydrogen 
content of the sample. Both of these methods are affected by the 
presence of hydrogen sulphide, Carleston, Spencer and Johnson (3) 
used a trapping arrangement to concentrate the water until the 


water sample was big enough to give a symmetric peak. However, 
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this method requires a relatively large sample. 


The use of chromatography for trace water analysis has 
been further investigated in this work. Since the determination of 
water by chromatography has been hindered in the past by 
asymmetric water peaks the cause and possible solutions of water 
tailing were studied, During the course of this study it was found 
that chromatographic technique can be modified to give symmetric 


water peaks even for very small water samples. 


Experimental Investigation of Chromatographic Technique 


Equipment 


A Beckman Model GC-2 Gas Chromatograph was used for 
the analytical work. The chromatograph is equipped with a constant 
temperature compartment to maintain the Chromatographic Column 
and the Thermal Conductivity Cell at the desired constant tempera- 
ture. The temperature compartment is controlled by a full- 
proportional type heater control to promote base line stability. 
The power to the ieee was taken from the commercial 
power line through a Sola Constant Voltage transformer. The signals 
from the chromatograph were recorded on a 1,0 mV Sargent recorder. 


Helium was used as carrier gas. 
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Chromatographic Column 


The chromatographic column separates the components of 
the sample injected into the chromatograph and makes it possible 
to quantitatively detect the different components. In gas-liquid 
chromatography the chromatographic column is usually a packed 
bed of a solid support with some liquid distributed on its surface. 
This liquid is sometimes referred to as the partition liquid. The 
partition liquid dissolves the sample components as the sample 
moves through the column and separates them depending on their 
relative volatility in the solution, The solid support provides a 
large surface area for the liquid phase where the adsorption and 


desorption takes place. 


The separation or the partition of the different components 
will be a function of the nature of the partition liquid, the solid 
support and the sample components, Depending on the required 
separation of the particular set of sample components a Suitable 
chromatographic column has to be chosen in each case. Since the 
performance of chromatographic columns is dependent on several 
different variables the selection of the optimum column for a given 


set of components is generally a trial and error procedure. 
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The solid support, as mentioned earlier, provides a large 
surface area for contact between the sample components and the 
liquid phase. The larger the surface area, the better the contact 
is, On the other hand, the larger the surface area the larger the 
pressure drop will be through the column, which is undesirable. 
The resolution or efficiency of a column is increased by the use 
of a high surface area, low pressure drop, solid support with a 
narrow mesh size classification. Besides these factors the solid 
support must be hard enough not to break or pack under the 
operating conditions, It should not react with or adsorb any of the 
sample components for the adsorption of sample components on 


the solid support produces asymmetrical peaks, 


The partitioning liquid chosen for a particular column should 
have a high enough boiling point and a low vapour pressure not to 
elute from the column along with the sample components at the 
operating temperature. It should not react chemically with the 
sample and should permit a linear increase in recorder Signal with 
concentration of the sample components, Further, it must permit 
adequate resolution of the sample components within a reasonable 
analysis time. One of the most important considerations in the 
selection of the liquid phase is the polarity of the liquid. Since 


the polarity of the sample components and the liquid phase controls 
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their mutual solubilities it also controls the resolution of the 
different components, If the sample components have low polarity, 
for example, they will be more soluble in a partitioning liquid which 
has a low polarity and vice versa. In sucha case, the components 
should be eluted from the partition column in the increasing order 


or their boiling points and the resolution should be good. 


For the chromatographic analysis of hydrocarbon systems 
containing hydrogen sulphide Ansul Ether E-181 has been extensively 
used in industry. Ansul Ether E-181 or Bis (2-(2- methoxyethoxy) 
ethyl) Ether is a colourless strongly polar liquid with a boiling point 
of 275.8 °C and completely soluble in water. Ansul Ether E-181 as 
the partition liquid has given good separation at the proper operating 
conditions between hydrocarbons and hydrogen sulphide, In this 
work the sample components to be analysed were methane, hydrogen 
sulphide and water. The polarity of these components varies 
considerably. Methane having symmetric molecules is slightly 
polar. Hydrogen Sulphide forms strongly polar molecules due to the 
permanent dipole and active hydrogen of its molecules, Water is one 
of the strongest polar substances due to its permanent dipole and 
tendency for hydrogen bonding. A highly polar partitioning liquid on 
a non-polar solid support should give a good resolution for these 


components, 
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In this work Ansul Ether among other partitioning liquids 
has been used for the chromatographic column, For comparison 
purposes, the length of the columns were kept constant at 6 feet. 
The columns were packed in 1/4" O.D. glass spiral tubes which 
were made to fit in the constant temperature compartment of the 


Beckman GC-2 chromatograph. 


The columns were packed with care to give the maximum 
efficiency. While packing the columns one end of the glass spiral 
was connected to vacuum and the column material was introduced 
at the other end from a 30 mesh Sieve through a funnel. In this 
process the large coagulated particles that could give a non-uniform 
packing were kept out of the column. The column material was 
slowly vibrated in from the funnel with Burgess Vibro-tool. The 
glass spiral was also continuously vibrated during the packing 


process. In this way a very uniform packing was achieved. 


Using this technique several columns were prepared and 
used in the chromatograph to give the required resolution, In most 
of the columns during the first part of the development Fluoropack 
80 was used as the solid support. Later on it was replaced by Teflon 
T-6. Fluoropak 80 is teflon, non-polar and has a very low affinity 


for water. The particle sizes were between 30 and 80 mesh. Teflon 
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T-6 is Similarly non-polar but with a much more regular 
shape and narrower particle size distribution, The following 


type of columns were used for the preliminary study, 


Ansul Ether E-181 on Fluoropack 80 
Carbowax 1500 on Fluoropak 80 


Diisoctyl Phthalate on Fluoropak 80 


The concentration of these liquids on the solid support were varied 
from one to twenty percent by weight. The operating temperature 

of the column and the helium flow rate were varied in a wide range. 
All these columns gave symmetric water peaks for large liquid 

water samples of 0.0002 cc or larger. To introduce a small 

quantity of water, methane was saturated with water at room tempera- 
ture and atmospheric pressure. One ml of this methane-water 

vapour mixture was injected into the chromatograph. All columns 


gave asymmetric water peaks with intolerable tailing. 


Elimination of Water Tailing 


Examining the water peaks for different sample sizes it was 
found that the tailing is of the same magnitude for all sample sizes 
as is shown on Figure 9. The first chromatogram on Figure 9 was 


obtained for a 0,001 cc liquid water sample and the second foral.0cc 
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COLUMN — 6 Fr, 10% 
DIISOOCTYL PHTALATE 
ON FLUOROPAK 8 


CARRIER GAS — HELIUM 
FLOW RATE — 77 cc/mMIN, 


COLUMN TEMP, — 100°C 


CURRENT — 350 MA 


SENSITIVITY AS NOTEDt+ 


FIGURE 9, TYPICAL CHROMATOGRAM OF WATER 
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_gas sample of approximately 3 percent water and 97 percent 

methane mixture with a 6 foot column of 10 percent Diisooctyl 
Phtalate on Fluoropak 80, The attenuator was changed at 

the tail of the 0,001 cc water sample to show the tailing. The 
tailing of the large water sample is eventually the same as the 

tailing of the small water sample introduced with the methane. 
Figure 9 indicates that the same quantity of water is retarded on 

the column regardless of the sample size. In the case of the large 
water sample however the amount of water retarded is small as 
compared to the bulk of the water sample. As such the tailing 

is only a small part of the peak and does not distort the water 

peak. In the case of a small water sample, such as water in methane 
the amount of water retarded on the column is a large portion of the 
sample. Hence the peak is distorted, It was also noticed that 

when a trace water peak was put on the tail of another water peak there 


was a remarkable improvement in peak height and peak shape. 


Considering the chemical nature of water it was anticipated 
that the tailing of water was caused by the retardation of water in 
solution due to hydrogen bonding. The two phenomena described 
above indicated that every time a water sample is put into the column 
a constant quantity of water will be kept in solution for a longer time 


than the rest of the sample due to the interaction between the water 
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and the stationery liquid molecules, This suggested that ifa 
constant saturation of water was maintained on the column in 
sufficient quantity to eliminate the hydrogen bond formation between 


the partitioning liquid and the water in the sample the tailing could 


be prevented, 


Following this reasoning, a constant quantity of water 
was introduced into the helium stream by bubbling the helium 
through a packed bed of Raschig rings and water at a constant 
pressure and temperature. The flow diagram of the saturating 
bed and the chromatograph is shown on Figure 10, It is obvious from 
material balance that after an equilibrium is reached between the 
column and the carrier gas stream there will be a constant satura- 
tion of water on the column, provided that the operating conditions 
do not change. With this procedure the tailing of water was almost 
completely eliminated, A typical chromatogram for a 3.8 ml 
methane-water vapour sample is shown on Figure ll, The water 


content of the methane sample was approximately 3 percent. 


As it is shown on Figure 11 the constant water saturation 
on the column eliminated the tailing of the water in the sample and pro- 
duced symmetric water peaks. This method then made it possible 


to use the chromatograph for trace water analysis. The height of 
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COLUMN - 6 FT, 5% By wt 
Ww ANSUL ETHER ES hb! 
ZO ON FLUOROPAK 8 
{oO 
Eo REGULATOR PRESSURE — 25 ff 
ut CARRIER GAS - HELIUM WITH 
5 WATER 


FLOW RATE — 45 cc/min, 


fe) 
COLUMN TEMP, - 70 C 


CURRENT — 390 MILLIAMPERS 
CHART SPEED — 1,0 IN. /MIN, 


SAMPLE —- 3, 8 CC METHANE 
AND WATER 


SENSITIVITY — AS NOTEDt 


— Pa 


SAMPLE INJECTED 


dans bed stile 


FIGURE Il, TYPICAL CHROMATOGRAM OF METHANE AND WATER 
WITH WATER IN THE CARRIER GAS 
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the water peaks was also reasonably good. Since the equilibrium water 
content of high pressure hydrocarbons is generally lower than 30, 000 
parts per million the water content of the sample in Figure 11, it 

was desirable to obtain as high water peaks as possible in order to 
improve the accuracy in the lower concentration range. This was 
achieved by changing the operating and column conditions. Further, 

it was necessary to test the effect of hydrogen sulphide on the 
chromatographic column before it could be used in the analysis of 
hydrocarbon-hydrogen sulphide mixtures with unknown water 


concentrations, 


Check for Possible Effect of Hydrogen Sulphide 


The effect of hydrogen sulphide on the water peaks was 
studied using Ansul Ether E-181 on Fluoropak 80 columns, Several 
methane-water samples were injected into the chromatograph from a 
Sample container. The water content of the methane was kept 
constant. Following this several pure hydrogen sulphide samples 
were injected into the chromatograph, ‘Then hydrogen sulphide and 
methane-water samples were injected alternatively. No change was 


noted in the peak heights of either component. 
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48 
Selection of Optimum Column and Operating Conditions 
ee LON 


As discussed earlier, the degree of resolution of the 
sample components depends on several factors and to select the 
optimum operating conditions these different variables have to be 
evaluated experimentally... The chromatographic column and the 
operating conditions were selected by changing one variable ata 
time and keeping all the other variables constant. Ansul Ether 


E-181 on Fluoropak 80 was used for most of these tests. 


Concentration of partitioning liquid on the solid support 


The concentration of Ansul Ether was varied from 1 to 
20 percent by weight. At low concentrations the tailing of water was 
increased. At higher concentrations water peaks broadened, the peak 
height decreased, and the evolution time was increased rapidly, The 
optimum concentration of the partitioning liquid was found to be five 


percent for water analysis. 


Column length 


The evolution time for water and the height of water 
peaks were found to be functions of the column length. Decreasing 


the length by 50 percent for example decreased the evolution time by 
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50 percent and increased the water peak height by 75 percent. It 

was found that a column that would give good separation between hydrogen 
sulphide and methane would be too long for water. Hence, it was 

decided to use a 6 foot Ansul Ether column which gives a good 


resolution for water but does not separate hydrogen sulphide and 


methane. 


Column temperature 


The optimum column temperature for water analysis was 
found to be between 90 and 100° C for most of the partition liquids. 
Since Ansul Ether E-181 has a relatively low boiling point this tempera- 
ture was too high. Consequently when Ansul Ether was used the 
column temperature was kept at 70° C, the recommended maximum 
usable temperature for this liquid. Ansul Ether gave good water 
peaks even at this temperature. However, it was found out later 
that this temperature was still too high for the Ansul Ether and it 


slowly evaporated from the column. 


Effect of filament current 


T he height of water peaks increased sharply with 
increasing detector current. Increasing the current from 350 mA 


to 400 mA for example, increased the water peak by about 60 percent. 
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At higher filament currents, the life of the filaments is decreased 


however. 


Flow rate of carrier gas streams 


Fifty cc/min was found a fair optimum for water 
analysis. At higher flow rates the peak height seemed to decrease, 
At low flow rates the resolution time decreased and the water peaks 


were broad and short. 


Effect of sample size 


Only two sample sizes were investigated during this 
work, 1.0 ml and 3.8 ml, The use of the 3,8 ml sample improved 
the shape of the water peak, While the 1.0 ml sample resulted ina 
slightly asymmetric water peak, using the large sample size good 
Gaussian or bell-shaped water peaks were obtained as can be seen 


on Figure 1l. 


Effect of water content of carrier gas stream 


The water content of the helium stream was varied by 
varying the pressure and temperature of the bed in which the helium 


was saturated. ‘The concentration of water in the carrier gas stream 
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was found to effect significantly the size of water signals. Increasing 
the amount of water in thehelium stream decreased the water peak, 
This resulted from the decreased thermal conductivity of the carrier 
gas in the reference Side of the cell. If the water content of the 
helium was lowered tailing of water was increased. Base line 
fluctuations were seriously increased by the increasing amount of 
water in the helium stream. It was found that for the Ansul Ether 

on Fluoropak 80 column 0,27 percent water in the helium was optimum, 
This water content corresponds to a pressure of 23 psig and 34 °F 
bath temperature. At this water concentration, tailing was negligible. 
The base line fluctuation was approximately 2 percent of full scale 


deflection and the water peaks were high enough to give good accuracy. 


Effect of solid support 


Two solid supports were investigated more extensively 
in this work: Fluoropak-80 and Teflon T-6, Teflon T-6 was found to 
give higher efficiency than Fluoropak-80, This is probably due 


to the more uniform particle size distribution of Teflon T-6, 


Optimum column and operating conditions 


It was concluded from the above investigation that a 6 foot 
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5 percent Ansul Ether column would give reasonably good results 


for water analysis with the following operating conditions: 


Current - 390 mA 

Helium Flow rate - 50 cc/min, 
Column temperature - 70°C 
Sample size - 3.8 cc 


Water content of helium - carrier gas 0,27 mole percent 


Later on it was found however that this temperature was too high for 
Ansul Ether and after about 100 operating hours the evolution time 

of water started to decrease rapidly indicating the evaporation of 
Ansul Ether from the column, A new partitioning liquid Carbowax 400 
was then investigated. Studying again the effect of different variables 
a 4 foot-5 percent Carbowax 400 on Teflon T-6 column was chosen 

for the analysis of water in hydrocarbons with the following operating 


conditions: 


Current - 390 mA 

Helium flow rate - 50 cc/min 
Colum temperature - 97,5 °C 
Sample size - 3,8 cc 


Water content of helium carrier gas - 0,23 mole percent 


The water content of the helium was maintained at a constant level by 


ttinegs boog vidahoagyt avly hiwow omistoo wok 
-enolitbnes ghthesyo gealwolict ol ditw Sten 


tira\on O@ = ete -qedtt musitott 
2* UT + svataimegeted amie’ At, i 
6.8 - sate signee» iy 


inpontsa slorm 72.0 eu 3oTy'teo ~ minkied mM tastaos iteW 3(oe 


36? COLN OG? RaW os TUleTeyire) Bic? bed? gevaweoll bauot aew ti a 
- a a4 
Sta) noOMolovs a aired gibewdgy OUL toile eetie base eK: 
. a yo 
¢ 10 soreteqevs a) aul adn yibiqnt o2oesoab of boetade 


564 ‘ 
GO zewodis) bine eine tag wen A .srsiloo wel mot 


evidaliav tim atiibh to Joeths sai thaga gaia 
feeols asw amie b+ nofiel ae Oe xewod 1a toy 


1 
gO LSiede yriwollo) ad? lw saodwooxbytl ol wtew le 


Ase 088 + ineveuty: hea yh 
4 er a ni 


‘a 


acre - suutonsgina muted a ay 
nd BB oan sates a 


insoreq dion £2.0 - sey wis culled Ye tabs o aad 


sin \ so 08 = otee won 


“Td tev Shndeiiae ita sam ii 


53 


controlling the pressure and temperature of the saturating bed. 

The lucite container was immersed in an ice bath. The water in 

the ice bath was intermitently circulated and the bath was filled 

up with ice frequently enough to insure a continuous 0° C 
temperature. The temperature of the helium in the bed was 
checked with iron-constantan thermocouple. No variation in 
temperature was found. The pressure of the helium in the bed 

was controlled by a two-stage Hoke regulator. The effect of 
hydrogen sulphide on this column was evaluated the same way as for 
the Ansul Ether column. There was no change in the water peaks 
observed when hydrogen sulphide was put through the column, A 
typical chromatogram obtained for a sample of methane-water mixture 
with this column at the above operating conditions is shown on 
Figure 12. The water content of the methane sample was 0.465 
mole percent. The base line fluctuation obtained using these 


conditions is indicated on this chromatogram. 


Calibration of Chromatograph for Trace Water Analysis 


Some experimentation was necessary before a Satis~- 
factory system could be designed to maintain a constant saturation 
of water ina gas stream. The flow diagram of the final system used 


is shown on Figure 13, In the calibration methane was used as the 
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FIGURE 12, TYPICAL CHROMATOGRAM OF METHANE AND WATER 
WITH WATER IN THE CARRIER GAS 
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carrier medium. The methane was taken directly from a methane 
cylinder through a regulator. The flow rate of methane was kept 


continuously between 5 to 10 cc/min. 


The methane entered the first bubbler where it was 
saturated at temperatures 40 to 50° F higher than the temperature 
in the last bubbler. All bubblers were equipped with medium course 
fritted cylinders to provide good contact between the methane and 
the water. The reason for keeping the first bubbler at higher 
temperatures was to insure complete saturation of the methane 


stream. 


From the first bubbler the methane entered a 1/8'' O.D. 
stainless steel helicol coil which was in the constant temperature 
bath. From this coil the methane entered the second and third bubblers. 
The temperature of the third or final bubbler was measured with an 
iron-constantan thermocouple. Before entering the line leading to 
the chromatograph, the methane passed through a small glass tube 
packed slightly with glass wool. The function of this filter was to 


remove any entrained water from the methane. 


The glass wool filter was installed only after it was 
experienced that the concentration of water in the methane was 


slightly dependent on the flow rate. When the flow rate was increased 
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the water concentration increased, and vice versa. When the 
glass wool filter was installed, these fluctuations were no longer 
experienced. It was observed however, that when a new glass 
wool filter was installed it removed some water from the methane 
until it was saturated. From there on the water peaks indicated 


a very stable saturation level of the methane. 


The temperature of the bath was kept constant by 
a thermotrol heating unit, The cooling of the bath was achieved 
by circulating a cold liquid in coils in the bath, This liquid was 
kept at constant temperature by a refrigeration unit. In this 
way the temperature of the bath was kept within = Oe e. 
The line between the bath and the chromatograph was a short 
saran tubing which was heated by heating tape to prevent any 
condensation of water on the tubing wall, The equilibrium 
water content of the methane was calculated using the vapour 
pressure of water and assuming ideal gas behaviour. The 
atmospheric pressure was measured by a standard barometer. ‘The 
concentration of water in the methane was varied between 0.0066 and 
0.043 mole fraction by varying the bath temperature between 0 at 
and 29 °C, The ideal behaviour of methane was checked by using 
helium instead of methane in the saturating system at 0 °C, There was 


no difference between peak height obtained for methane and helium 
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at this temperature, The calibration data are shown in Table 1 

and on Figure 14, The calibration line was prepared by drawing 
the best fit curve through points of average peak height versus 

parts per million of water in the sample. The minimum number 

of peaks obtained for one point and the maximum-minimum 
deviations of the peaks from the arithmetic average is shown 

in Table 1, The effect of hydrogen sulphide on the analytical 
technique was further evaluated by mixing methane and hydrogen 
Sulphide in different proportions and saturating the mixture with 
water, The mixture of methane and hydrogen sulphide was obtained 
by displacing the methane from the saturating system by hydrogen 
sulphide and then displacing the hydrogen sulphide with methane, 
The concentration of hydrogen sulphide in the samples was determined 
on a tri-cresylphosphate column using a Burrel K-2 chromatograph, 
The hydrogen sulphide content of the samples varied between 0 


and 92 percent. 


The methane-hydrogen sulphide system was saturated 
at three different temperatures. All three points fall slightly 
below the best fitted line. The water peak heights determined 
for these samples indicated that the deviation from the calibration 
line increases with increasing hydrogen sulphide content of the 


Sample and with increasing temperatures. When the hydrogen 
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sulphide content of the sample was below approximately 30 percent 
the water content of the sample did not deviate from the calibration 
line at all, The deviation at higher temperatures most likely was 
due to the non-ideal behaviour of hydrogen sulphide. The highest 
deviation from the calibration line of the 3 points was the one 
determined at the highest temperature of 18.7°C. The deviation 


of this point from the calibration line is 1.1 percent. 


For concentrations lower than 6, 600 parts per 
million of water, the calibration curve was extrapolated back 
to zero water concentration, For concentrations lower than the 
water content of the carrier gas the chromatograph signals were 
negative, Theoretically the water signal should be zero when the 
sample has the same water content as the carrier gas. The water 
content of helium is shown on the calibration line. This point falls 
slightly above the line. For dry methane samples the chromatograph 
gave fairly consistent negative peaks, if the sample was introduced after 
stabilized column conditions. If additional dry samples were intro- 
duced following the first, the chromatograph gave successively 
higher negative peaks, It seems that the dry sample upset the equili- 
brium conditions on the column. Stabilizing the column again and 


introducing a dry sample would give the expected negative peak, 
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EXPERIMENTAL WORK 


The analytical technique developed in the previous paragraphs 
provides a relatively fast and convenient method for determining the 
water content of gases and liquids, To test out the technique the equili- 
brium water content of methane was determined at 160 °F and pressures 
up to 1500 pounds per square inch absolute, The data obtained were 
compared to water solubilities in methane reported by Sage and Lacey 
(21). Following this the water content of hydrogen sulphide-methane 


mixtures was determined, 


The experimental apparatus used was similar to that used 
by Sortland (28) for hydrate studies, The apparatus consisted of an 
equilibrium cell where the gas was saturated with water, an auxiliary 
cell which was used for water reservoir in the later part of the experimental 
work, a mercury pump and the Beckman GC-2 chromatograph. Figure 15 


is a schematic diagram of the equipment. 


The Equilibrium Cell 


The equilibrium cell was assembled from a 316 stainless steel 
Jerguson liquid level gauge rated at 2, 000 pound per square inch at 100 °F, 


The cell was fitted with two sight glasses making the contents readily 
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visible, The cell had a volume of approximately 120 cc. A more detailed 


diagram of the cell is shown on Figure 16, 


The cell was enclosed in a cylindrical lucite jacket in 
which a suitable oil was circulated to maintain a constant temperature. 
The jacketed cell was mounted on a central axis made from two rods 
with coned ends, The coned ends of these rods fitted into conical 
recesses in the sides of the cell, The cell was rotated around these 
rods to agitate the contents of the equilibrium cell, As shown on Figure 16 
the top and bottom adapters on the cell were partly outside the constant 


temperature bath, For reasons discussed later this had to be modified, 


Temperature Measurement and Control 


Constant temperature in the equilibrium cell was maintained by 
circulating heating oil from an auxiliary temperature bath through the 
lucite jacket surrounding the cell, The auxiliary cell consisted of an 
insulated reservoir with an immersion pump, a 500 watt immersion 
heater and an American Instrument Company biemetallic strip controller, 
A twenty minute delay relay was incorporated in the control circuit, 
While the bath temperature could be maintained to only plus or minus 0,25 
° C, the cell temperature fluctuation was very little, with a maximum of 


about 0,05 °C due to its large heat capacity. 
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The temperature in the equilibrium cell was measured with an 
iron-constantan thermocouple and a Leeds-Northrup Model K-2 poten- 
tiometer. The hot junction of the thermocouple projected through the 
cell wall into the interior, measuring the temperature of the contents 
directly. A pressure tight seal was made by silver soldering the hot 
junction onto a short section of Aminco tubing connected to thecell byan 


Aminco connector, 


Pressure Measurement 


The range of pressures measured was from 150 to 1600 pounds 
per square inch. A 3000 pound per square inch Heise bourdon tube 
gauge was used. The Heise gauge was calibrated to plus or minus 0.5 
pound per square inch using a Ruska Instrument Corporation Dead Weight 
Tester. Correction for atmospheric pressure and for the head of 


mercury between the cell and the gauge were made for all measurements, 


Materials 


The water was taken from the laboratory distilled water supply 
and boiled to remove any dissolved gases, The methane had a certified 
purity of 99.0 mole percent or better and was supplied by the Phillips 


Petroleum Company. The mercury was filtered, deoxified and distilled 
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in a Central Scientific Company mercury distillation unit. The hydrogen 
sulphide was supplied by the Matheson Company. The hydrogen sulphide 
had a certified purity of 98.8 mole percent. Chromatographic tests 


indicated the presence of some carbon dioxide in the gas. 


Charging and Agitation of the Equilibrium Cell 


When charging the equilibrium cell first water was introduced 
through valve 2, Mercury was injected into the cell through valves 
3and 2. Valve 2 was then closed and the cell was charged with methane 
through valve 8 directly from the methane cylinder, The cell was then 
brought to the desired pressure by injecting additional mercury, When 
the hydrogen sulphide-methane system was charged no mercury was 
allowed into the cell. Mercury was pumped into the auxiliary cell through 
valves 4and 1, Water entered the cell through valves 9, 7 and 2. 
The cell was first charged with hydrogen sulphide from the cylinder 
to a predetermined pressure, The cell then was filled with methane to the 


desired pressure to give a certain mixture. 


The contents of the cell were agitated by rocking the cell with 
a rocking mechanism which consisted of a 1/12 horsepower electric 
motor connected via an eccentric and connecting rod to the lucite jacket. 


The frequency of agitation was 57 cycles per minute and the vertical 
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travel by one end of the cell was approximately 4 inches. The tilt of 
the cell was such in each case that the water in the cell did not reach 


the top outlet as it could cause water accumulation in the adapter and 


faulty results. 


The temperature and pressure in the cell were checked 
periodically during the rocking period and small adjustments were made 
if necessary. The equilibrium cell was rocked for a minimum of four 
hours at the correct pressure and temperature. Test for the required 
rocking period indicated thatthe four hours agitation period was satisfactory 


to reach equilibrium in the cell. 


Sampling 


At the end of the rocking period the cell was disconnected 
from the rocking mechanism and locked in an upright position. The 
circulation of the heating oil was continued. Only the gas phase was 
sampled. The stainless steel line from the cell to the chromatograph was 
heated with heating tapes so that the temperature at point B (Figure 16) 
was maintained at approximately 161 to 164°F. With this heating the 
expansion valve skin temperature was approximately 260 to 280 ie Lae 
expansion valve was slowly opened and mercury was injected into the 


cell to maintain the constant pressure. The sample flow rate was kept at 
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approximately 3 to 5 cc per minute at atmospheric conditions to 
minimize the cooling effect of the gas at the expansion valve. The 
expansion valve was connected to the chromatograph through a heated 
1/8" O,D. stainless steel tubing. The sample was continuously 
purging through the chromatograph. The instantaneous water content 


of the sample was determined at about 6 minute intervals. 


Analysis of Vapour Phase 


The water concentration in the vapour phase was determined 
by the chromatographic technique as developed in this work. The 
column used for the water analysis was the one used for the calibration, 
that is a 4 foot 5 percent carbowax 400 on Teflon T-6, The operating 


conditions were kept the same as during the calibration of the column, 


The big advantage of this technique was that the instantaneous 
water content of the sample could be determined at any time. This 
provided a convenient way of studying the effect of the lead line on the 
water content of the sample while travelling from the cell to the 
chromatograph. As many as 10 to 20 samples were analysed for one 


conclusive point at one set of equilibrium conditions. 


The hydrogen sulphide content of the sample was determined on 


the same Burrel K-2 chromatograph that had been used for the calibration. 
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Preliminary Experimental Results 


The data obtained for the methane-water system are shown on 
Figure 17 as compared to the data determined by Sage and Lacey (21). 
As it can be seen from Figure 17 the results of this investigation fell 


approximately 20 to 25 percent below Sage and Lacey's line. 


In order to find the reason for the discrepancy in the results 
the functioning of each part of the apparatus was tested. The calibra- 
tion curve was checked by analysing methane and helium saturated at 
atmospheric pressure, There was no shift or change found in the 
calibration curve. It was noticed during the experimental work that 
when the expansion valve was first opened to determine the water content 
of methane at a particular pressure the water peak heights either 
increased or decreased by comparison with the initial samples. After 
about 4 to 10 samples the water peaks levelled off at a fairly constant 
value. One reason for this was that the line between point B and the 
expansion valve was filled with methane which was not in equilibrium with 
the methane in the cell. This did not explain however the long time some- 
times required for consistent samples. The other alternative was that 
this time was required for the flowing sample to reach equilibrium with 
the lead line walls. To test this the lead line was purged with gas of 


different water content and followed in each case with a gas of known 
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© SAGE AND LACEY (21) 


O THIS WORK 
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EQUILIBRIUM WATER CONCENTRATION IN 
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saturation and the instantaneous water content of the gas flowing was 


determined in every 6 minutes, 


It was found from these tests that the water content of the 
sample changed until an equilibrium was established between the wall 
and the flowing gas. If the line was purged, witha gas which had lower 
water concentration than the sample to be analysed the sample lost 
water to the wall. On the other hand, when the line was purged with 
gas which had a higher water content than the sample, the sample 
picked up water from the wall until the equilibrium between the two 
was established. The time required to reach the equilibrium was more 
in the second case than in the first, Figure 18 is a qualitative indication 
of the progressive change of the instantaneous water content of the sample 


depending on the saturation history on the lead line walls. 


Figure 18 indicates that to reduce the time required to 
establish equilibrium between the sample and the lead line walls the line 
Should be always dried or purged with a gas drier than the sample to be 


analysed, 


Further study indicated that when the temperature of the lead line 
was increased above 200° F at point B, the water content of the sample 
also increased. Considering the shift in the equilibrium water concentration 


line obtained as compared to Sage and Lacey's data it was concluded that the 
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cause of the shift was the existence of a low temperature point in the 
top adapter at point A, Thatis, at point A, the temperature was 


constantly below 160 °F due to the cooling action of the lucite jacket. 


At this point the high pressure sample became oversaturated and lost 
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FIGURE 18, EFFECT OF LEAD LINE ON THE WATER CONTENT 


OF FLOWING SAMPLE =: 


a constant percentage of its water content. In other words, the samples 
did not represent the equilibrium conditions in the cell, but the saturated 


gas at the temperature of point A. Since the cooling effect of the lucite 
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was relatively uniform, the temperature at point A was always lower 
by the same amount, This resulted in a shift of the water concentration 


line, 


To improve the apparatus, the top adapter of the equilibrium 
cell was replaced by one which was completely immersed inthe oil 
bath as it is shown on Figure 19, Further, the temperature of the 
outlet line was increased until at point C the temperature was main- 
tained between 190 and 210° F, The skin temperature of the expansion 
valve was between 400 and 450° F, The reason for maintaining the 
expansion valve at such a high temperature was to insure that there 
would not be any condensation of water while reducing the pressure on 
the sample. Following these changes, no significant variation of water 
content of the samples was found when the temperature of the outlet 
line was changed as long as the temperature at point C was maintained 


between 180 and 240°F, 


Choice of Confining Fluid 


In the study of hydrocarbons-hydrogen sulphide-water systems 


a confining fluid should have the following properties: 


a. It should be inert to hydrogen sulphide 


and hydrocarbons in the presence of water. 
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FIGURE 19, MODIFIED EQUILIBRIUM CELL 
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b. Hydrocarbons and hydrogen sulphide should 
have limited solubility in it. 

c. It should have a low vapour pressure. 
The choice of mercury was eliminated by its reaction with hydrogen 
sulphide in the presence of water. Selleck, Carmichael and Sage (25) 
in their study of hydrogen sulphide-water systems used polymerized 
tetrafluoromethane as the confining fluid. Tetrafluoromethane is 
one of the numerous fluoracarbons studied and manufactured by Hooker 
Chemical Corporation (10) at Niagara Falls. The main feature of 
these polymerized fluorocarbons is that they are chemically very 
stable in the presence of oxygen, concentrated nitric acid and other 
highly reactive materials, The type of fluorocarbons which are now 
commercially available are the fluorolubes (10), Fluorolubes are 
addition polymers of trifluorovinyl chloride. Depending on the length 
of the chain the products are heavy oils, greases or waxes, Considering 
the physical properties of the different products Fluorolube 5-30 was 


chsoen as a possible confining fluid. 


Fluorolube S-30 is a colourless liquid, has viscosity of 193 
centipoises, vapour pressure 2.5 Microns of Hg at100°F, Ithasa 
density of 1.93 gm/cc at 100°F, immiscible with water and with acids, 


No data were available on the solubility of hydrocarbon gases in these 
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products, 


A test was conducted to evaluate the solubility of methane in 
Fluorolube S-30, Methane and Fluorolube S-30 was mixed ina pressure 
bomb at room temperature and the change in pressure was observed, 

The pressure in the bomb dropped gradually from 198 to 176 pounds 
per square inch where it remained constant. The large decrease inpressure 


indicated that methane is partly soluble in Fluorolube S-30, 


A detailed study would be required to evaluate the solubility 
of methane in Fluorolube S-30 at all pressure and temperatures of 
interest. It is expected from theoretical considerations that the 
solubility of methane in Fluorolube S-30 would decrease with increasing 
temperature, Further, since hydrogen sulphide is not soluble in the 
fluorocarbons the presence of hydrogen sulphide might considerably 
decrease the solubility of methane in Fluorolube S-30,. Thus it is expected 
that Fluorolube S-30 would be a suitable confining fluid for hydrocarbon- 


hydrogen sulphide mixtures. 


The other possibility was to use water itself for the confining 
fluid, From the mutual solubility data for hydrogen sulphide and water 
obtained by Selleck et al (25) it was estimated that water could be used as 
the confining fluid for pure hydrogen sulphide at pressures below the vapour 


pressure of hydrogen sulphide and even at higher pressures for methane- 
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hydrogen sulphide mixtures. 


In this work water was used as the confining fluid for 
methane-hydrogen sulphide mixtures. The auxiliary cell was used 
for water reservoir. The equilibrium cell was pressured by 
injecting mercury into the auxiliary cell from the mercury pump 
and forcing water from the auxiliary cell into the equilibrium 


cell through valves 9, 7 and 2 respectively. 
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EXPERIMENTAL RESULTS 


Methane-Water System 


The data obtained for the equilibrium water concentration in 
methane are presented in Table 2, and are plotted on Figure 20, along 
with the data of Sage and Lacey (21). The present experimental data 
agree well with those of the previous investigators. The two points 
above 1000 pounds per square inch fall slightly below the published 
line. The point obtained at 1100 pounds per square inch absolute should 
be slightly below the curve as the system temperature was 0,7 Farenheit 


degrees below 160 °F, 


Methane-Hydrogen Sulphide-Water System 


The equilibrium cell was filled with hydrogen sulphide and 
methane to give a mixture of approximately 20 percent hydrogen 
sulphide and 75 percent methane. Shortly after the rocking of the cell 
was started, the pressure gradually decreased in the cell indicating that 
some of the gas was dissolving in the water. After equilibrium was 
established the vapour phase was analysed for water and hydrogen sulphide 


content, 


The equilibrium water and hydrogen sulphide concentrations in 
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© SAGE AND LACEY (21) 


9 THIS WORK 
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MOLE FRACTION OF WATER 


FIGURE 20, EQUILIBRIUM WATER CONCENTRATION IN 
METHANE AT 160 °F 
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the vapour at 160 °F up to 1400 pounds persquare inch pressure are 
presented in Table III, The water concentrations in the vapour phase 
are plotted on Figure 21 with published data on pure hydrogen sulphide 
and pure methane, The hydrogen sulphide content of the vapour changed 
from 16 percent to 21 percent as the pressure in the cell was reduced 
from 1395 to 385 pounds per square inch absolute, The vapour phase 
contained only 16 percent hydrogen sulphide because a large amount 

of hydrogen sulphide dissolved in the water phase, At lower pressures 
some of this hydrogen sulphide escaped from the water and enriched 


the vapour phase. 


The equilibrium water concentration in this vapour mixture 
was between the equilibrium water content of pure methane and pure 
hydrogen sulphide, The water solubility line for this mixture on Figure 
21 falls approximately 5 percent above the pure methane line. That is, 
the presence of hydrogen sulphide increased the equilibrium water 
concentration of the mixture by approximately 5 percent over that for 


pure methane. 


A second methane and hydrogen sulphide system was prepared 
with a higher hydrogen sulphide concentration, The equilibrium water 
concentration in this vapour was determined at 160 °F and at pressures 


between 1392 and 925 pounds per square inch absolute, The hydrogen 
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- HYDROGEN SULPHIDE MIXTURES AT 160 °F 


ia 


2 pet os fee a EE 
f ‘ ‘ ] 


| pawyt poe ae + } 4 ur oh hall 
: ‘| bye — | 1 ea ‘i na 
} eee i eit t 
: Hie se lt 
77 _ 4! 
lean ah | aki : oe an i ath > ere 
- | i) ee hee Lk hit ee . mel ane 
/ id ) Porth We Pane Tan mie, 
| 4 dod Nady ; hil . i } i af TAL y at lV 


ies * rh f i ) A yy hed ra eee 
* , efyrniotsitd hott Lieall, heise Hei) aval Aba! 
van fi Ne Pe Ftbgesen ie Ue aa Ai PMs tetat 
¥ A ‘ { i ; ant i md 
nae i PD cat Man ore fay ee a ath ky iy yaa 


teat ae ay \ 
i sey b+} hall’ - i 
“e ‘ i 
i j 
yi 4 ia 
' ; ry 
' f 
| j x | } 
= i 
i rs . ' : 
~~ J ' a ae 
é 
id ‘ ; : 
Hi “a i gam = =. a a 
/ / * 
Bi | 
f ) a ivy 
r , ia 
: ¥ 
j ' f. ; - ‘a 
’ é ay St 
| | — i >) 4 y : j 
Sh, by Red Wee - ee 
f rf hal A oe CAL 
“4 : a PS y ; 
4 af ids : > ae 
i fi YR « . iow «IMT = Si ANP SiN ® 1 
i ‘ ; 


i : i 
ee Nise Shree Kaoomnyd . 


; sem, ae 
a lige “an = ar © oat 2 


be, bret eu | i aaa | 
fs gers ae 


fs ff ; 
f | Pag : + peutat se naianeen OAD AAR ew i . 
a 


20 0 as 
ARZTAW 730 HOITOARN 30M 


SMAHT aM HI HOITARTHADHOD AETAW MOIeLAUOS If 
4° 281 TA 2avUTAIM SUING ie MaDONaVH = = ot 


82 


sulphide content of the vapour at these pressures was 27.5 and 29 
percent respectively. The experimental results are shown in Table III 


and on Figure 21 along with the earlier data. 


The equilibrium water concentrations in this system was 
found to be higher than in the first methane-hydrogen sulphide system. 
That is, the presence of hydrogen sulphide further increased the 
solubility of water in the gas phase. At 1392 pounds per square inch 
absolute, for example, the water solubility in this system was 9.5 
percent higher than in the 16 percent methane-hydrogen sulphide 


system and approximately 15 percent higher than in pure methane, 
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DISCUSSION 


The chromatographic technique developed in this work proved 
to be a Satisfactory method to determine the concentration of water in 
hydrocarbon vapours in the presence of hydrogen sulphide. In ints 
investigation the technique was applied to hydrocarbon-hydrogen sulphide 
vapours, with water concentrations of 0,004 to 0.035 mole fraction or 
from 4000 to 35,000 parts per million. In this range the Beckman GC-2 
chromatograph with the 4 foot - 5 percent carbowax 400 on Teflon T-6 
column has given relatively good reproducibility. The peak height 
fluctuations were generally below plus or minus 2 percent. For lower 
pater concentrations the peak height fluctuations were as high as plus 
or minus 11 percent. It should be noted however that because of the 
slope of the calibration curve the 11 percent fluctuation implies only 
approximately 5 percent fluctuation in the water concentration, These 
fluctuations could be caused among other things by base line fluctua- 
tions, improper functioning of the expansion valve or by the temperature 


fluctuation of the sampling line. 


Only the vapour phase was studied in this investigation. 
However, the chromatographic technique can also be applied to liquids, 
If the liquid has a low vapour pressure, it can be injected directly 


into the chromatographic column and its water content determined, If 
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the liquid has a high vapour pressure as it would have in multicomponent 
hydrocarbon liquids or condensates, it has to be sampled first at the 
pressure and temperature of the system, evaporated and treated asa 


gas sample from there on, 


Although the technique was tested in a limited range only, 
theoretically it should be applicable for any water concentration if 
calibration data were available. For lower concentrations the accuracy 
could be improved by using a more sensitive chromatograph or a 
chromatographic column which would give better efficiency for 


water, 


Only a limited number of column materials were investigated 
for the separation of water in this work, It is verylikely that many 
columns just as good or better than the column used here could be found. 
Water tailing could be eliminated or considerably reduced on most of the 
columns by the method applied in this work by maintaining a constant 
water saturation on the column. It was experienced during the 
investigation that the amount of water put in the carrier gas will control 
the performance of the column, The more water that is in the carrier 
gas the more symmetric the water signals will be, the less sensitive 
the chromatograph will be to water, and base line fluctuation will be 
increased. Too little water on the other hand does not eliminate the 


water tailing, The amount of water required to give the desired column 
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performance will be dependent on the particular column materials. 
Hence, the optimum amount of water to be introduced into the carrier 
gas stream needs to be determined experimentally for each column 


material separately. 


With this technique the chromatograph gives with dependable 
accuracy the water content of the sample injected into the column. 
This sample however has to be transferred from an equilibrium apparatus 
to the chromatograph, Utmost caution must be exercised transferring 
this sample to the chromatograph as the water concentration in the 
Sample can easily be changed by the surroundings. As indicated 
earlier the saturation history of the sampling lines can affect the water 
concentration in the sample. The sample flowing in the lines will 
be in equilibrium with the inside surface area of the lines, The 
temperature at every point in the sampling lines must bekept above 
the saturation temperature of the sample. To eliminate errors 
resulting from the change in water saturation of the pipe walls the 
temperature of the lines should be kept constant, When the sample is 
expanded from high pressure to atmospheric pressure the expansion 
valve has to be hot enough and the flow rate low enough that no 


condensation of water will occur at the valve. 
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Experimental data for methane-water systems were obtained 
at 160 °F and at pressure up to 1500 pounds per square inch absolute, 
as Shown on Figure 20, Good agreement were found between the 
present and the published data at pressures below 1000 pounds per 
Square inch absolute, At higher pressures above 1000 pounds per 
Square inch absolute the present data fell slightly below the published 
line of the equilibrium water concentration in methane. The investiga- 
tion was not extended to high enough pressures to draw definite 


conclusions in this regard, 


The equilibrium water content of methane=hydrogen sulphide 
mixtures has been determined at 160° F and at pressures up to 1400 
pounds per square inch absolute, The concentration of hydrogen sulphide 
in the mixtures varied from 16 to 29 percent, The water concentration 
lines for these systems as shown on Figure 21 fall slightly above the 
equilibrium water content line for pure methane and below the line 
for pure hydrogen sulphide, The higher ties Solubility in this mixture 
would be expected from theoretical consid erations as the polar hydrogen 
sulphide tends to attract water molecules more than the slightly 
polar hydrocarbons. As indicated on Figure 21, the higher the hydrogen 
sulphide concentration in the mixture is, the more soluble the water will 
be in the vapour. The effect of hydrogen sulphide on water solubility in 


the vapour phases is not very significant however, at these pressures, 
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In accordance with the findings of McKetta and Katz (20) who studied 
the methane-n-butane system, these data indicate that at lower 
pressures in the gas phase the molecular structure does not affect 
significantly the water solubility in hydrocarbon systems. This is 
also suggested in a way by the equilibrium water content of pure 


hydrogen sulphide in the vapour phase, 


No data were obtained to date to evaluate the effect of hydrogen 
Sulphide on the water solubility in hydrocarbon liquids. Published 
data on the equilibrium water content of hydrocarbons, hydrogen 
sulphide and carbon dioxide indicate that in the liquid phase and at 
high pressures the effect of molecular structure on water solubility 
is much more pronounced, That is, when the distances between the 
molecules are reduced molecular interaction can produce considerable 
change in the solubilities of the components according to their affinity 
to each other, Thus it is expected that the presence of hydrogen 
sulphide and carbon dioxide increases the solubility of water in 


hydrocarbon liquid considerably. 
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CONCLUSIONS 


The study of equilibrium water concentration in hydrocarbon 
gases, hydrocarbon liquids, hydrogen sulphide and carbon dioxide and 
the study of trace water analysis techniques lead to the following 


conclusions: 


1, Chromatography can be used effectively for trace 
water analysis, Water tailing can be eliminated and symmetrical 
peaks for traces of water can be obtained by maintaining a constant 
water saturation on the chromatographic column, This can be done 


by introducing a constant quantity of water into the carrier gas stream. 


2. A suitable chromatographic column has been 
developed and the technique was applied for the determination of the 
equilibrium water content of methane, The experimental results agreed 


closely with published data, 


3, Hydrogen sulphide did not interfere in the quanti- 
tative analysis of water by this technique, Thus a new method has been 
developed for the determination of water content of hydrocarbon systems 


in the presence of hydrogen sulphide. 
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4, Experimental data obtained on hydrocarbon-hydrogen 
sulphide mixtures at 160 °F and at pressures up to 1400 psia indicate 
that the presence of hydrogen sulphide in the vapour phase increases 
only slightly the equilibrium water content of hydrocarbon systems 


at these lower pressures, 


Do. Published data on the equilibrium water content 
of pure hydrogen sulphide and carbon dioxide suggest that the presence 
of these components increases the solubility of water in hydrocarbon 


liquids and in high pressure hydrocarbon gases considerably. 
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RECOMMENDATION FOR FUTURE INVESTIGATION 


1, Further investigation is necessary to evaluate 
the effect of hydrogen sulphide on the equilibrium water content of 


hydrocarbon system at higher pressures, 


2. The solubility of water in high pressure multicom- 
ponent hydrocarbon liquids should be studied, A generalized 


correlation is very desirable for these systems, 


3, The effect of hydrogen sulphide and carbon dioxide 
on the water solubility in multicomponent hydrocarbon liquids should 
be investigated. These data would be very valuable in the design of 


dehydrators, 
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NOMENCLATURE 


Pe = mole fraction of water in the vapour phase at the system 
temperature and pressure. 


xy = mole fraction of water in the liquid phase at the system 
temperature and pressure. 
Py = partial pressure of water in the vapour phase. 
Po. = total pressure of the system. 
Pw = vapour pressure of pure water at the temperature of the system. 
Ay = temperature 
Vv = specific volume 
_ = fugacity of water in either the liquid or gas phase. 
— = fugacity of pure water vapour at system T and P. 
fw = fugacity of pure liquid water at system T and P. 
Pr = any constant low pressure above the three phase critical. 
K = empirical constant. 
K | . mole fraction of water in the vapour phase 
H20 mole fraction of water in the hydrocarbon-rich liquid phase 
Hy, = partial molal enthalpy of water at infinite dilution. 
i, = molal enthalpy of pure water. 
R = gas constant. 
Subscripts: 


w = water V = vapour phase L = liquid phase 
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TABLE 2 


EQUILIBRIUM WATER CONTENT OF METHANE 


Pressure compesapure Ave. Peak Water Content No. of Max-Min Deviation 


psia F Height ppm Samples of Peak Heights% 
1495 160 82 4200 13 - 11; +11 
1100 159.3 44 5250 9 - 2; + 8 
790 160 255 7150 6 - 0.8; + 1.2 
594 160.2 375 9200 5 = de3} #253 
450 160 510 11500 4 - 0.6; + 0.0 
330 160 THO 15500 5 = 1494 14 
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TABLE 3 


EQUILIBRIUM WATER CONTENT OF METHANE- 


HYDROGEN SULPHIDE VAPOUR 


Pressure Temperature Ave. Peak Water Content No. of Max-Min 


psia “7 Height ppm Samples Deviation 
Analysed % 

AN be 159.8 116 4750 7 - 2.63 + 1.7 

1010 160 199 6160 10 - 4.5; + 8.0 

611 160 379 9300 6 - 0.26; + 1.0 

358 160 Tat 15000 8 - 2.33 + 3.0 

1392 160 140 5200 4 ~ By +2 


925 160 eho 6900 6 - 1.6; + 0.8 
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